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ABSTRACT: Gene transfer in bioﬁlms is known to play an
important role in antibiotic resistance dissemination. However,
the process remains poorly understood. In this study, micro-
ﬂuidics with time-lapse imaging was used for real-time monitoring
of plasmid-mediated horizontal gene transfer (HGT) in bioﬁlms.
Pseudomonas putida KT2440 harboring an antibiotic resistance
plasmid RP4 was chosen as the donor while Escherichia coli and
activated sludge bacteria were used as the recipient cells. Dynamic
features of the transfer process, including the transfer rate, cell
growth rate and kinetic changes of the transfer frequency, were
determined. It was found that the routes for gene transfer strongly
depend on the structure and composition of a bioﬁlm. While
intraspecies HGT is essential to initiate a transfer event, the
secondary retransfer from transconjugants to the same species is more eﬃcient and can cause cascading gene spread in single-
strain bioﬁlms. For the activated sludge bioﬁlm, only small and scattered colonies formed and vertical gene transfer appears to
be the dominant route after initial intraspecies transfer. Furthermore, more than 46% of genera in the activated sludge were
permissive to plasmid RP4, many of which are associated with human pathogens. These phenomena imply early prevention and
interruptions to bioﬁlm structure could provide an eﬀect way to inhibit rapid antibiotic resistance gene spread and reduce the
likelihood of catastrophic events associated with antibiotic resistance.
■ INTRODUCTION
The rapid spread of antibiotic resistance has become a global
crisis and imposes signiﬁcant threats to human health and the
natural environment. Although bacteria live either as
planktonic cells or in bioﬁlms,1 ∼80% of human bacterial
infections have been found to be bioﬁlm-related.2 An in-depth
understanding of how antibiotic resistance spreads in bioﬁlms
is therefore pivotal to tackle this crisis.
Horizontal gene transfer (HGT) is a widely recognized
mechanism for adaptation in bacteria.3 HGT consists of three
main routes: plasmid-mediated conjugation, transduction and
transformation. Plasmid-mediated conjugation can transfer
DNA between genera and phyla.4 Because of dense cell
populations, conjugation in bioﬁlms is generally high,5 and was
considered as a major pathway for spreading antibiotic
resistance genes (ARG). ARG dissemination not only
contributes to the resistance of bioﬁlms to antimicrobials6
but also enhances the evolution of ARGs.7,8 At the individual
cell level, it has been shown that conjugation is a dynamic
process occurring between cells of the same species (e.g.,
Escherichia coli9 and Pseudomonas putida10). However,
information about dynamic gene transfer in bioﬁlms is scarce.4
Little is known about when the transfer occurs and how it
propagates within a bioﬁlm, in particular in bioﬁlms of complex
communities.
Currently, the study of plasmid transfer in bioﬁlms mainly
relies on ﬁlter-mating,11,12 ﬂasks or plate culture.13,14 These
methods can provide a global view of transfer eﬃciency in
bioﬁlms, but do not allow the observation of real-time changes
in the community. In recent years, microﬂuidic technology has
opened up a new avenue for applications in microbiology.
Manipulation of bacteria at the single-cell level has become
well established, leading to the discovery of a variety of new
phenomena.15−18 Similarly, real-time imaging of in situ
formation of bioﬁlms on chip has also been demonstrated.19,20
These evidence suggest that microﬂuidics can provide a
promising platform to investigate the dynamic process of ARG
transfer within bioﬁlms.
Here, we employed a microﬂuidic device for real-time
monitoring of gene transfer via plasmid-mediated conjugation
in bioﬁlms. We have previously demonstrated that such a
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device enables precise control of cell microenvironments and
the determination of cell growth characteristics with single-cell
resolution.21 In this study, Pseudomonas putida (P. putida)
KT2440 harboring the ARG-encoding plasmid RP4 were used
as the donor cells. Escherichia coli (E. coli) and a mixed
microbial community from activated sludge were used as the
recipient cells. The plasmid transfer processes between the P.
putida donor cells and the recipient cells were imaged
throughout the course of bioﬁlm formation. Dynamic transfer
rate, cell growth rates and the transfer frequency were
quantiﬁed, which reveal key mechanisms of the gene transfer
processes. Furthermore, the genera of the isolated trans-
conjugant pools from the activated sludge communities were
determined to identify which members of the community
received the ARG-encoding plasmid.
■ MATERIALS AND METHODS
Bacterial Strains and Culture. The donor strain, P. putida
KT2440, was a generous gift from Professor Barth F. Smets in
Technical University of Denmark.22 The strain hosts a GFP-
encoded Inc.P-1α plasmid RP4 conferring resistance to
kanamycin, ampicillin and tetracycline, and is also chromoso-
mally tagged with a red ﬂuorescence gene (dsRed) and lacIq
that represses the expression of GFP.22 As a result, the donor
cells only emit red ﬂuorescence. The recipient cells are
nonﬂuorescent but emit green ﬂuorescence after taking in the
GFP-encoded plasmid RP4 (i.e., becoming transconjugants).
The ampliﬁcation of P. putida KT2440 strain was carried out in
liquid LB broth at 30 °C overnight with the addition of 50 mg·
L−1 kanamycin as antibiotic stress.
A pure strain of E. coli (ATCC 25922, USA) and the
bacterial communities extracted from activated sludge were
used as the recipient cells. The E. coli strain was cultured in LB
broth at 37 °C overnight, and harvested by centrifugation prior
to the microﬂuidic experiments. Activated sludge communities
were obtained from the wastewater treatment plants
(WWTPs) in Wuxi, China. The activated sludge sample was
ﬁrst mashed in a high-speed tissue mill (Bilon JJ-2, Shanghai
Bilon Company, China) for 1 h to extract bacteria cells from
the ﬂoc aggregation. During this process, the sample was
crushed for 5 min in every 10 min. The mixed liquor from this
pretreatment was cultured on R2A medium at 30 °C overnight
and then harvested as the mixed bacterial community. This
selects growing bacteria from the community but removes
noncultivable species.
Mating Assays within a Microﬂuidic Chip. The
microﬂuidic device was fabricated as described previously.15
In brief, the device consists of four components: a coverslip, a
thin layer of agarose membrane, a PDMS chip, and a manifold
(Supporting Information (SI) Figure S1). The PDMS chip
contains a single channel with 13 mm length, 500 μm width,
and 500 μm depth, ﬂowing broth continuously for bacterial
growth. The nutrients in the ﬂow diﬀuse through the agarose
membrane into the bacterial layer, and at the same time, the
metabolic waste diﬀuses out of the membrane and is carried
away by the ﬂow. The agarose membrane is 250 μm thick and
made from 2% agarose (Sigma-Aldrich) in RO water. This on-
chip culture enables rapid exchange of substances and allows
high density growth, and thus provides a close-to-in vivo model
to study real-world bioﬁlms.23
The donor and recipient cells were ﬁrst washed with PBS
(three times) and then diluted in LB or R2A medium to a
concentration of ∼108 cells·mL−1. They were then mixed at a
ratio of 1:1 for on chip experiments. A drop of 5 μL mixed
bacterial solution was sandwiched between the coverslip and
the agarose membrane, prior to assembling of the four
components. On a control chip, 5 μL of the recipient cells
were inoculated at the same time. LB or R2A medium was
continuously delivered into the microchannel at a ﬂow rate of
2 μL·min−1 to provide a constant supply of the nutrients and
remove the waste. No transfer events were detected if only PBS
was used (SI Figure S2). Each mating assay lasted for 24 h.
Fluorescence Imaging. Time-lapse imaging of the on-
chip mating experiments was carried out on an inverted
microscope (Ti-E, Nikon Corp., Japan) equipped with a 20×
/NA0.45 objective lens and a CCD camera (CCD, iXon X3
897, Andor Company, UK). Bright ﬁeld and ﬂuorescence
images at selected eight to ten zones under and around the
microchannel on chip were taken at deﬁned time intervals
(e.g., every 5 min or every 1 h). Each imaging site was directly
below the microchannel, where the nutrient supply and bioﬁlm
thickness were consistent. Since conjugation occurred
randomly, >20 repeated experiments were carried out in
order to observe statistically meaningful transfer events. GFP
ﬂuorescence was detected using excitation of 488 ± 20 nm and
emission of 525 ± 40 nm, whereas dsRed-based ﬂuorescence
was detected using excitation of 561 ± 25 and emission of 650
± 60 nm. All images were processed with ImageJ as described
previously to calculate the number and the area of cell
colonies.15
At the end of the experiments, the bioﬁlms were further
characterized with a laser scanning confocal microscope
(LCSM, LSM710, Zeiss, German). A large area of 12 × 3.5
mm2 (∼21% of the total horizontal cross-section 196 mm2)
was scanned using a 10 × /NA0.45 objective lens. For the
areas containing transfer events, high-resolution images were
further taken using a 100 × /NA1.40 oil objective lens. Z-
scanning with a 2 μm interval was carried out to characterize
the internal structure of the bioﬁlms. A uniform thickness of
∼18 μm was observed for the bioﬁlms (SI Figure S3).
Calculation of the Transfer Rate and the Transfer
Frequency. The dynamics of transconjugant formation is
critical to understand the mechanisms of the gene transfer
processes. To image a relatively large area, a 20 × /NA0.45
objective lens was used for all time-lapse imaging. The depth-
of-ﬁeld of this lens is 4.27 μm. This deﬁnes the detection
region in z-length to be ∼4 μm from the bottom focal plane,
which is within the ∼18 μm thickness of the bioﬁlms.
Therefore, the areas occupied by transconjugants within an
image can be used to calculate their abundance in the bioﬁlm.
The transfer rate (RT) can be derived from the changes of the
transconjugant area (AT%) with time (see the Result section).
The AT% is calculated based on eq 1.
= ×A A t
A
%
( )
100%T
T
total (1)
where AT(t) is the green ﬂuorescence area (i.e., the
transconjugant area) in a series of time-lapse images at a
given time t, Atotal is the total area of an image, which has a
constant value of 0.168 mm2.
The end-point transfer frequency, deﬁned as the ratio of
transconjugants to recipients (T/R), is often used to evaluate
transfer eﬃciencies of plasmids in diﬀerent settings.11,12
However, transconjugants can come from several routes,
including primary conjugation by the original donors, the
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secondary conjugation by transconjugants, and by cell division.
In the microﬂuidic device used in this study, cells have ﬁxed
locations on chip, and thus the transfer processes can be
tracked by time-lapse imaging. This facilitates the identiﬁcation
of the mechanisms involved. In a similar manner to the
calculation of AT%, the localized transfer frequency (F) at
selected zones can be determined at a given time according to
eq 2.
=F A
A
T
R (2)
where AT and AR are the area of the green transconjugants and
the recipient cells within an image at a given time, respectively.
The total area of each image is 0.168 mm2. Only images
containing transfer events were used for calculation.
Cell Sorting and Diversity Analysis of the Sludge
Bioﬁlms. The activated sludge bioﬁlms were collected after
the on-chip mating assay for ﬂuorescence activated cell sorting
(FACS) and subsequent 16S rDNA sequencing. To do this,
the microﬂuidic chip was dissembled to allow collection of the
detached thin bioﬁlms into a centrifuge tube. The surfaces of
the coverslip and agarose gel that were in contact with the
bioﬁlm were also washed with 1 mL PBS. Both collections
were combined and diluted with PBS to the required
concentration of ∼108 cells·mL−1 for FACS (Aria SORP, BD
Company). Green ﬂuorescence was excited with a 488 nm
laser and the red one with a 561 nm laser. The forward scatter
voltage was set at 637 V and the side scatter voltage at 198 V.
The gates were set to collect GFP-expressing transconjugants.
Activated sludge without the donor cells were used as control.
The collected transconjugants and the control were sent to a
commercial company (Majorbio, Shanghai, China) for 16S
rDNA sequencing (HiSeq PE250 platform, Illunima).
Sequence analysis was carried out using the software platform
developed by the company (www.i-sanger.com). The protocol
is included in the SI.
■ RESULTS
Cascading Plasmid Transfer in E. coli Bioﬁlm. P. putida
KT2440 donor and E. coli recipient cells were used as a model
system to study the transfer of the broad-host-range plasmid
RP4 in a single-strain recipient bioﬁlm. Figure 1a shows
representative time-lapse images of the transfer process from
the initial cell seeding. At t = 0 h, individual donor and
recipient cells were distributed randomly on the surface.
Because of continuous delivery of LB broth on chip (i.e., akin
to chemostat culture), exponential growth of cells was
maintained.15 By t = 8 h, the surface was almost fully occupied
with cells, where P. putida colonies (red) were in contact with
E. coli cells (colorless) (Figure 1a). By t = 10 h, a thick
bacterial bioﬁlm had formed. At this point, a few E. coli
colonies presented with green ﬂuorescence (Figure 1a),
indicating the occurrence of conjugation and successful GFP-
expression in the E. coli transconjugants. It should be noted
that E. coli grew faster than P. putida KT2440 on chip (SI
Figure S4), and thus the areas of E. coli transconjugants in the
image were larger than that of the P. putida KT2440 (Figure
1). As a consequence, the total red ﬂuorescence area appeared
to slightly shrink with time (Figure 1a, and SI Figure S5a).
Moreover, Z-stack confocal images of the bioﬁlm showed the
same distribution of the green and red areas along the z-axis
(Figure 2), indicating that the transfer existed across all layers
of the bioﬁlm.
Figure 1. Process of plasmid transfer between P. putida KT2440 and E. coli: (a) Time-lapse images of both bacteria on chip. P. putida KT2440 cells
emit red ﬂuorescence. E. coli cells are colorless, while E. coli transconjugants emit green ﬂuorescence. (b) The changes of the transconjugant area
within an image (AT%) with time (n = 8, the error bars are SD).
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Interestingly, after t = 10 h, the transconjugant areas spread
rapidly across the bioﬁlm. Plotting the changes of trans-
conjugant areas (AT%) with time showed a sharp increase from
3.4% at t = 10 h to ∼80% at t = 13h (Figure 1b). To study this
process in detail, time-lapse images were taken every 5 min
between t = 10 h and t = 11 h. Within the ﬁrst 25 min, a steep
increase of the transconjugant areas with time was observed
(Figure 3a &b). By ﬁtting the curve with the Michaelis−
Menten model, it was found that the transfer rate (RT) was
1.34%·min−1 (or 81%·h−1), indicating a 10-fold increase of the
transconjugant areas within the ﬁrst 25 min (i.e., from 3.4% to
36% in Figure 3b). However, after 25 min, the increase was
reduced signiﬁcantly and eventually the transconjugant areas
approached a plateau at ∼180 min. This saturation was likely
due to the high cell density and hence limited cell growth at
this time pointit has been shown that nongrowing recipient
cells have substantially reduced conjugal activity.10
Although the presence of transconjugants provided convinc-
ing evidence of the gene transfer from the P. putida donor to
the E. coli recipient cells, the observed cascading growth of
transconjugants (Figures 1 and 3) also raised a question about
contributions from other transfer routes, including cell
division. To investigate this, the maximum speciﬁc growth
rates (μm) of the E. coli cultured on chip were determined as
previous described15 and found to be ∼0.89 h−1 (SI Figure
S4). At this growth rate, cell doubling would require at least 46
min, suggesting cell division alone cannot account for the 10-
fold increase of transconjugants within the ﬁrst 25 min. For the
increment stage (t = 10−13 h), the speciﬁc increment rate
(μT) of transconjugants was 2.9 ± 0.89 h
−1, obviously higher
than μm (Table 1). Furthermore, the majority of trans-
conjugants located in the center of E. coli growth areas (Figure
1a & 3a), suggesting the secondary conjugation between E. coli
transconjugants and the same species recipient cells was the
dominant driver for the observed cascading gene transfer.
Gene Transfer in Environmental Community Bio-
ﬁlms. Activated sludge contains abundant antibiotic resistance
plasmids24−26 and it is well recognized as a pool for the
evolution of antibiotic resistant genes.27,28 Transfer of the
plasmid RP4 from the P. putida KT2440 donor cells to the
activated sludge community was studied on chip in the same
manner as the P. putida KT2440 − E. coli pair. Similar to the E.
coli bioﬁlm, at t = 5 h, a dense monolayer of cells was formed
on chip, and at t = 8 h the green ﬂuorescence of
transconjugants was detected (Figure 4a). However, after
that, the transconjugant areas increased gradually and
continuously until the end of the experiments. It is worth
noting that all the observed conjugation events occurred
randomly within the sludge bacterial community bioﬁlm and
showed the same features as E. coli bioﬁlm (SI Figure S5b).
Interestingly, the curve of the transconjugant area (i.e., AT%)
versus time for the activated sludge bioﬁlm exhibits typical
characteristics of a bacterial growth curve, including lag-,
exponential-, stationary-, and declined phases (Figure 4b).
Thus, the exponential growth model is suitable for data
interpretation instead of the Michaelis−Menten model that
assumes HGT saturation due to limited recipients. Fitting the
“exponential phase” (from 8 to 18 h) of the AT%-time curves
with the growth model gives the speciﬁc increment rate of
transconjugants (μT), which is 0.26 ± 0.14 h
−1 on average
based on ﬁve randomly selected transconjugant areas (Table
1). This value is lower than the initial average μm of the
activated sludge community (0.71 h−1) on chip (i.e., as a
monolayer) (SI Figure S4). This suggests that cells of slower
growth rates tend to be more permissive to the plasmid RP4
and cell division does play an important role for continuous
gene dissemination in the sludge community bioﬁlm.
Comparison of Transfer Frequency in Two Bioﬁlms.
With time-lapse imaging, dynamic changes of the transfer
frequency around the conjugation locations (i.e., localized
transfer frequency) can be readily obtained. As shown in
Figure 5, the localized transfer frequencies (F) in both the E.
coli bioﬁlm and the activated sludge bioﬁlm at the time of the
ﬁrst presence of transconjugants (t = 10 h) are both less than
0.05. While the localized transfer frequency in the activated
sludge bioﬁlm gradually increased with time (i.e 0.07 at t = 16
h and ∼0.1 at t = 22 h), the transfer frequency in the E. coli
bioﬁlm rapidly increased to ∼0.8 by t = 16 h, followed by a
gradual increase to ∼0.9 at t = 22 h (Figure 4). These results
further illustrated the diﬀerent transfer mechanisms in these
two bioﬁlms as discussed above.
Although the high spatial and temporal information is
necessary to study the dynamics of the transfer process, we also
noticed that some of microscopic images in the preselected
areas did not contain any conjugation events. Therefore, at the
end of the assay, tiled images of an enlarged area (∼41 mm2)
were acquired to give a global view of the bioﬁlm. As shown in
Figure 6a b (an overview) and Figure 6c (an enlarged area),
the transconjugant areas in the E. coli bioﬁlm are large and
close to each other, whereas those in the activated sludge
Figure 2. Spatial distribution of transconjugants in the E. coli. bioﬁlm
with donor P. putida KT2440 at 24 h. (a) image of 3-D structure of
the bioﬁlm; (b) Z-stack images of diﬀerent layers at a 2 μm interval.
Donor cells emit red ﬂuorescence and transconjugants emit green
ﬂuorescence.
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bioﬁlms are small and scattered. Furthermore, there are much
more transconjugant sites in the activated sludge, suggesting
more occurrences of the initial conjugation events by the
original P. putida donor. However, the total area of
transconjugants in the activated sludge bioﬁlm only occupies
2.2% of the total scanned area, while that in the E. coli bioﬁlm
occupies 6.8% at the end of the experiments. These results are
in good agreement with the microscopic study, showing that
secondary conjugation by transconjugants can play a
prominent role in gene dissemination in bioﬁlms.
Diversity Analysis of the Recipient and Trans-
conjugant Community. At the end of the on-chip mating
assay, the activated sludge bioﬁlms were collected and FACS
sorted to collect the transconjugants (SI Figure S6). The
collected transconjugants and the initial recipient cells (i.e.,
four activated sludge samples, two each from two WWTPs)
Figure 3. Cascading spread of transconjugants in the E. coli bioﬁlm: (a) Representative time-lapse images of one location with conjugation events;
(b) The changes of the transconjugant area within an image (AT%) with time (n = 3, the error bars are SD).
Table 1. Plasmid Transfer Kinetics in E. coli and Environmental Community Bioﬁlms
type variable unit E. coli bioﬁlm Activated sludge community bioﬁlm
Donor species - P. putida KT 2440 P. putida KT 2440
species - E. coli ATCC 25922 Activated sludge bacteria
Recipient max. speciﬁc growth ratea μm h
−1 0.89 0.71
duration of datab h 0.4e 3f 10g
Trans-conjugant localized transfer ratec RT %·h−1 81 ± 1.2 33 ± 1.5 0.006 ± 0.004
R2 - (0.993−0.997) (0.921−0.976) (0.880−0.979)
speciﬁc increment rated μT h
−1 7.5 ± 0.86 2.9 ± 0.89 0.26 ± 0.14
R2 - (0.947−0.965) (0.875−0.946) (0.968−0.990)
aCalculated from the monolayer colonies on-chip in the initial stage of bioﬁlm. bThe time span of the data used for calculation. cTransfer rate RT is
calculated by linearly ﬁtting the percentage of transconjugants with the experimental time, RT = ΔAT/Δt. dSpeciﬁc increment rate μT is calculated
by exponential modeling the increment of transconjugants with time, ln(AT/AT, λ) = μT·(t-λ), λ is the lag time.
eData at the ﬁrst 25 min from t = 10
h, which represents the “explosive” stage of plasmid transfer, from three sites. fData from 10 to 13 h, from eight sites. gData from 8 to 18 h, from
ﬁve sites.
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were 16S rDNA amplicon sequencing. The four recipient
communities samples (RB) showed similar diversities, which
contain 56 operational taxonomic units (OTUs) at 97%
similarity for genus level (SI Figure S7). About 46% of these
recipient OTUs were detected in the transconjugant pools
(TB) (SI Figure S7), illustrating the broad-host-range nature
of the plasmid RP4. However, the OTUs composition of the
transconjugants was diﬀerent from the recipient communities
both in key genera and in relative abundance (Figure 7). In
particular, the presence of a genus in the transconjugant pool
was independent of its relative abundance in the recipient
community. Taking the genus Myroides as an example, its
abundance in the transconjugant pool was in a much higher
relative percentage than that in the recipient community. This
phenomenon corroborates with previous study that OTU
abundance in the transconjugant pools could not directly link
with their abundance in the soil recipient community, due to
the high variability in permissiveness of the broad-range-host
plasmid RP4.11
It is worth noting that a number of genera in the
transconjugant pool are associated with human pathogens,
including Aeromonas,29 Pseudomonas, and Enterobacteria-
ceae.11,30 Since most of their related human pathogens have
shown resistance to current antibiotics, the permissiveness of
these genera to the transfer of the plasmid RP4 should alert us
to pay attention on their potential roles in promoting ARG
dissemination in the environment.
■ DISCUSSIONS
Microﬂuidics Facilitates the Study of the Dynamics of
Gene Transfer in Bioﬁlms. Most current experimental
methods can only determine the overall gene transfer frequency
in bioﬁlms, and thus cannot diﬀerentiate diﬀerent transfer
mechanisms.12,31,32 In addition, since these methods depend
on bulk culture, they are beset with various unknown
conditions in bioﬁlm formation (such as those associated
with the bioﬁlm’s internal structure), and are therefore
restricted in their analytical power when studying gene transfer
processes.12
Figure 4. Plasmid transfer process between the P. putida KT2440 and the activated sludge community: (a) representative time-lapse images of the
bacteria on chip. Note, the activated sludge cells are colorless and trasconjugants emit green ﬂuorescence. (b) The changes of the transconjugant
area (AT%) from ﬁve random positions with time. Each curve shows typical characteristics of a bacterial growth curve, including lag-, exponential-,
stationary-, and declined phases. Due to diﬀerent lag time and speciﬁc increment rate, not all the phases are presented on each curve within the 22
h experiments.
Figure 5. Localized transfer frequency of the plasmid in the E. coli
bioﬁlm and the activated sludge bioﬁlm at diﬀerent time points (n = 6,
the error bars are SD).
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The mating assays on the microﬂuidic device, as described in
this study, oﬀer several advantages for the study of gene
transfer processes in bioﬁlms. First, in situ formation of a
bioﬁlm on chip can be recorded from the on-set of cell seeding.
This enables the measurement of cell growth and monitoring
of the process of plasmid transfer at the single-cell level with a
suitable objective lens (e.g., 100× objective lens, SI Figure S3).
Second, exponential growth of cells was maintained by the
continuous ﬂow culture. This, together with the physical
conﬁnement on chip, facilitates rapid and uniform formation of
bioﬁlms as shown in Figures 1 and 4. Furthermore, the use of a
thin agarose membrane underneath the ﬂow channel allows the
diﬀusion-driven transport of nutrients. In the early stage of
bioﬁlm formation (i.e., monolayer or a few multiple layers of
cells), all the cells experienced the same, well-controlled
culture regime under the steady nutrient gradients across the
chip. This removed potential interference from unknown
variations of the culture condition within a bioﬁlm.33 In the
matured stage of a bioﬁlm, cell growth was sustained in a
limited thickness (i.e., ∼18 μm in Figure 2 and SI Figure S3)
by squeezing bacteria into close contact with each other.15 As a
result, it facilitated the study of the role of structure and
composition of bioﬁlms in gene transfer. For the ﬁrst time, we
show that the secondary conjugation by transconjugants can
lead to a cascading transfer of the plasmid RP4 in a dense
single-strain recipient bioﬁlm.
Structure and Composition of Bioﬁlm Modulate
Gene Transfer Routes. The combination of ﬂuorescence
protein technology and microﬂuidics provides a versatile
platform for identifying key transfer mechanisms in bioﬁlms
of diﬀerent compositions. As illustrated in Figures 3 and 4, the
presence of GFP transconjugants in both bioﬁlms demon-
strates successful plasmid-mediated HGT from the P. putida
KT2440 donor to the potential recipient cells, either a pure E.
coli strain or a complex activated sludge community. The
dynamic tracking of the bioﬁlm formation on chip also allowed
the speciﬁc increment rate of transconjugant (μT) and
maximum speciﬁc cell growth rate (μm) to be determined at
the same time. Therefore, the ratio of μT to μm can serve as a
simple indicative of the relative contribution by either HGT or
cell division. The substantially high μT/μm ratio at 8.3 (>5)
during the “explosive” spread of transconjugants in the E. coli
bioﬁlm clearly shows the dominant role of HGT, whereas the
low μT/μm ratio at 0.37 (<0.5) for the activated sludge bioﬁlm
suggests an important role of vertical gene transfer in a
complex community.
The striking diﬀerences between these two bioﬁlms could be
due to the opportunity of forming large single-recipient
colonies, which is essential for the secondary transfer process.
As shown in Figure 1a and 4a, after ∼4 or 5 h of culture, both
systems formed close cell-to-cell contacts. Such conditions are
known to promote the transfer of the plasmid RP4 due to the
Figure 6. CLSM images of bacteria at the end of the mating assay on chip at 24h: (a) P. putida KT2440 and E. coli bioﬁlm; (b) P. putida KT2440
and the activated sludge microbial community bioﬁlm; (c) Detailed bright-ﬁeld and ﬂuorescence images of E. coli and activated sludge community
with P. putida KT2440.
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formation of conjugal pili.3,34 In the case of genetically
identical donors and recipients, conjugation is extremely
eﬃcient9 and fast (e.g., in the range of minutes).10 However,
the frequency of successful HGT decreases exponentially with
the phylogenetic distance.3 Since the activated sludge bioﬁlm
only consists of small and randomly scattered donor and
recipient colonies, it is highly likely the majority of
conjugations are between diﬀerent species.
Relevance to Antibiotic Resistance and Infection
Treatment. As referred to earlier, bioﬁlm formation has been
found to be one of the major causes for the failure of
conventional antibiotic treatments.35 Our ﬁndings indicate that
pure-strain bioﬁlms could lead to a higher risk of treatment
failure, particularly in the case of the pathogens associated with
the genera found in the transconjugant pool (Figure 7).
Currently, many single-species bioﬁlms are frequently found in
device-related infections, such as Staphylococci, a harmful
opportunistic pathogen actively engaged in plasmid-mediated
transfer.36 The surface conditions in these indwelling devices
are often similar to those as found on chip in this study, that is,
ones which provide rich nutrients and limited space for bioﬁlm
formation. Once a few bacterial cells have acquired antibiotic
resistance, the scenario of the cascading spread of ARG’s across
the bioﬁlm might occur.
In terms of bioﬁlms of complex bacterial communities, they
exist widely in both persistent/chronic infections35,37 and in
the natural environments.6 The observed permissiveness of a
broad range of genera to the ARG-encoding plasmid RP4
highlighted the fact that plasmid-medicated HGT generally
occurs in community type bioﬁlms. Although the activated
sludge bioﬁlm studied here did not consist of large single-
species colonies and hence no occurrence of cascading spread
of the plasmids occurred, the overall transfer frequency was
still high (0.05) due to the existence of many plasmid
permissive genera. In multiple-species bioﬁlms or in the real-
world bioﬁlms where bacteria could move, the scenario for
containing both superpermissive species and their large
colonies are likely to occur. This could cause severe damage
and catastrophic events. Further study of the dynamic process
of the ARG transfer in diﬀerently structured bioﬁlms can
provide valuable insights to develop early prevention and
intervention strategies to reduce the likelihood of its
occurrence.
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